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Introduction
Human stressors can lead to ecosystem degradation (Alcamo et al., 2005; Foley et al., 2005) . Currently, freshwater systems are at risk, with 65% of global river discharge being considered under moderate to high threat, and water security of 80% of the human population at high risk (Vörösmarty et al., 2010) . In addition, biodiversity in freshwater ecosystems is in rapid decline and it is considered even more threatened compared to that of terrestrial and marine ecosystems (Revenga et al., 2000; Vörösmarty et al., 2010) . Rivers are at risk due to the impact of multiple human stressors, including changes in water quantity and quality, habitat modification, exploitation of species, climate change, and introduced species (Table 1) . The current impacts of these stressors are dramatically increasing and are unsustainable in the long term (Alcamo et al., 2005) . In this context, it is critical to measure and monitor the status of freshwater ecosystems and the extent of their degradation (Revenga et al., 2000; UNEP, 2004) . Obtaining this information is critical to prioritize areas for conservation, develop global conservation strategies, provide scientific knowledge to support policy and management actions, and to restore ecosystem services (e.g., Sanderson et al., 2002; Foley et al., 2005) .
The reliability of ecosystem degradation measurements depends on our ability to accurately understand and measure the number and intensity of human stressors and their effects on biodiversity and ecosystems. Ecosystem degradation often occurs gradually, making it difficult to recognize without repeated measures of reliable indicators (Dale and Beyeler, 2001 ). Freshwater ecosystem degradation is sometimes measured using a suite of ecological indicators, such as macro-invertebrates, fishes, macrophytes, and organisms that live between terrestrial and aquatic ecosystems, such as odonata (e.g., Moya et al., 2010) . Good, carefully selected indicators can provide warning signals of significant but cryptic changes to ecosystems (Karr, 1999; Noss, 1999) .
The collection of detailed data on ecological indicators may be costly, especially in developing countries where funding is limited and where large tropical rivers of exceptionally high biodiversity are located (Revenga et al., 2000) . For example, there are at least 5600 identified species of freshwater fish in the Amazon River Basin and new species are being identified at a rapid rate (Albert and Reis, 2011) . As an alternative, it has been proposed to collect data on population trends of specific indicator species (Revenga et al., Increasing water temperature, decreasing precipitation, increasing acidification, changes in primary production Introduced species
Increasing the rates of species introduced in freshwater systems and the success rate of those introduced Alcamo et al. (2005) , Hoekstra et al. (2011 ), Revenga et al. (2000 , Alkemade et al. (2009) , Moyle and Randall (1998) , Alcamo et al. (2003) , GIWA (2002 ), Milà i Canals et al. (2009 ), Falkenmark (1997 , Bennett et al. (2004) , Karr and Chu (1999) , Vörösmarty et al. (2010) , Vörösmarty et al. (2000) .
2000; Noss, 1999) . Top predators such as mammalian carnivores, sea birds and raptors are among the indicator species suggested (Furness and Camphuysen, 1997; Sergio et al., 2005 Sergio et al., , 2006 Sergio et al., , 2008 Piatt et al., 2007) . Top predators tend to be concentrated in important biodiversity hotspots (Worm et al., 2003; Sergio et al., 2005 Sergio et al., , 2006 . The reduction or disappearance of top predators is related to significant ecosystem transformations, including impacts on several trophic levels and changes in energy flows, marine resources' removals from fisheries, and changes in the behavior of prey (Soulé et al., 2005; Heithaus et al., 2008; Baum and Worm, 2009 ). Moreover, their presence or absence can indicate the extent of the footprint of human pressures; those areas with low human population and/or strong conservation and regulations tend to have the highest sighting frequencies of top predators (Baum and Worm, 2009; Sandin et al., 2008; Ward-Paige et al., 2010) .
River dolphins are top predators that inhabit some of the largest tropical river basins in Asia and South America, and may be ideal candidates to serve as ecological indicators. When comparing the level of freshwater habitat degradation of these river basins, the baiji dolphins (Lipotes vexillifer), now functionally extinct, were distributed in the most dramatically modified river basin, the Yangtze; the blind dolphins (Platanista gangetica gangetica and P. g. minor), which are currently endangered, are distributed in the second most modified basins, the Indus and Ganges; and the pink river dolphin (Inia geoffrensis) and tucuxi (Sotalia fluviatilis), vulnerable, are distributed in the least modified of these river basins, the Amazon and Orinoco (Smith and Reeves, in press) . Hence, at a global river basin scale, freshwater dolphin species are distributed across a range of human stressor levels and their status informs the global level of freshwater ecosystem degradation (Smith and Reeves, in press) .
In this study, we investigated whether river dolphins can indicate freshwater ecosystem degradation at a regional scale. We examined the potential for measures of river dolphin abundance to act as ecological indicators based on how well three abundance estimates (density, mean group size and sighting rate) correlated with the level of human stressors. To quantify and monitor the current and future level of human stressors, we first developed an index of freshwater ecosystem degradation integrating four major factors: (i) water quality degradation, (ii) habitat modification, and (iii) exploitation of species, as well as (iv) human population size in the area, as a proxy for multiple human stressors (see Ward-Paige et al., 2010) .
Material and methods

Human stressors and index of freshwater ecosystem degradation
For each study area (Fig. 1) , an index of the current freshwater ecosystem degradation was calculated. The degradation index was developed by listing 10 human stressors (Table 2 ) and by grouping them within four major categories: (I) water quality, (II) habitat modification, (III) species exploitation, and (IV) cities and human settlements. Each human stressor was coded according to four impact categories: (0) when disturbance is absent/no disturbance, (1) when disturbance is low, (2) medium and (3) high (Table 2) . Score index of freshwater ecosystem degradation for each major category (water quality (I), habitat modification (II) and species exploitation (III), Table 2 ) were the average of those for the human stressors coded in that category, and an overall score index of freshwater habitat degradation was obtained by summing over these three major categories (Table 3) , with overall value ranges from 0 to 8.5 (8.5 being the highest degradation). In addition, the information on human population size (cities and human settlements (IV), Table 2 ) for each river area surveyed was obtained using the databases of the population census for each country surveyed (Table 2, DANE, 2005; INE, 2001a,b; INEI, 2007; INEC, 2010) . The future trend in freshwater habitat degradation was estimated for each human stressor based on current knowledge of, for example, water development projects planned (Table 3) . Information used to provide current and future degradation index scores consisted of observations in the field, published and unpublished reports, and personal communications with researchers from each location surveyed (see also Gomez-Salazar et al., 2012) .
River dolphin abundance estimates
Boat-based surveys were conducted between May 2006 and August 2007 in selected large rivers of the Amazon and Orinoco river basins (see details in Gomez-Salazar et al., 2012) . From that study, we obtained abundance estimates for two species of river dolphins (I. geoffrensis and S. fluviatilis) in 9 areas, which comprise 12 rivers in 5 countries (Fig. 1) . Abundance estimates were expressed as (1) river dolphin densities, or the number of dolphins per square kilometer surveyed (number km −2 ), (2) mean group size of river dolphins, with group defined as a set of animals that are seen together within 250 m from the boat (see Gomez-Salazar et al., 2011) , and (3) sighting rates of river dolphins, or the number of dolphins per km surveyed (number km −1 ).
Correlation between river dolphin abundances and human stress
To evaluate whether river dolphin abundance estimates correlated with the indices of human stress, the non-parametric Spearman rank correlations were calculated, and tested against the null hypothesis of no correlation between dolphin abundance measure (density, group sizes, sighting rates) and each degradation score index (overall index of freshwater degradation, water quality degradation, exploitation of species) as well as the score index of human population size for the river areas surveyed (Table 5) . More than 200,000
Note: 200 km is the maximum distance surveyed of a 6 m boat with an outboard 25 hp engine (e.g., tourism boats). 100 km is the maximum distance surveyed per day on a boat/canoe (e.g., "peque-peque", mostly used by local communities) pushed by a home-made propeller or small engine. 5 km is the maximum distance surveyed in a canoe per day. Ships are larger than boats and have capacity for more than 10 people. Locations not defined under low (1), medium (2), or high (3) threat categories are ranked as not-known in the area (0).
Table 3
Overall score index for each impact category (high, medium and low, see Table 2 ) and risk trend levels of freshwater ecosystem degradation. The overall score index is the sum of the means over the four main categories of human stressors (water quality, habitat modification, exploitation of species, cities and human settlements, Table 2 ). 
Overall score index
→
Risk is expected to remain similar, although some increase in human population size is expected.
↓
Risk is expected to reduce given some conservation or management actions in the ar ea.
Risk not recorded in the area, and not expected to appear in the next year.
Results
Overall score indices as indicators of freshwater ecosystem degradation
Overall, we found that the Napo, Orinoco, and Meta rivers were currently the areas with the highest degradation index, the Amazon, Marañón and the Ecuadorian tributaries with medium values, and the Samiria, Iténez and Mamoré rivers with the lowest (Table 4) . These indices were generally consistent across the four different categories of degradation (Table 4 ). In addition, human population size was significantly and positively correlated with overall degradation index and water quality (Table 5) . This means that, as expected, those areas that are less populated have lower ecosystem degradation and better water quality. Density and sighting rates were significantly and positively correlated with each other (Table 5) .
River dolphin abundance estimates and human stressors
Density and sighting were significantly and negatively correlated with the overall degradation index, water quality degradation and human population size (Table 5 ). Higher density estimates of river dolphins occur when rivers have a low index of overall freshwater degradation, when rivers have better water quality, and in areas that are less populated (Fig. 2) . For instance, rivers with a high index of overall degradation had some of the lowest density/sighting rates of the pink river dolphin (0/0: Napo River in Ecuador; 0.57/0.11: Meta river in Colombia, respectively) and tucuxi (0/0: Napo River in Ecuador; 1.06/0.21: Orinoco River in Venezuela, respectively). A similar pattern was evident for density estimates and exploitation of species (Fig. 2) , although the two indices were not significantly correlated (Table 5) .
Group size did not appear to be closely related to the other two abundance estimates nor to any of the indices of human stress. In addition, neither group sizes nor sighting rates were significantly correlated with species exploitation (Table 5) .
Finally, for the majority of human stressors the risk of freshwater ecosystem degradation was expected to increase and no stressors were expected to decrease (Table 4) .
Discussion
River dolphins: indicator, sentinel and flagship species in large tropical freshwater ecosystems
Our study illustrates that both density estimates and sighting rates are good ecological indicators of overall freshwater ecosystem degradation, water quality degradation and human population size, and given that they are well correlated, obtaining only one of these estimates may be sufficient to use as indicator. Density, in addition, seems to respond more linearly to the levels of overall ecosystem degradation, water quality and human population size (Fig. 2) . Also sighting rate will depend on the methodology of the survey, which may vary between studies, whereas density estimates correct for this. In summary, we recommend using density estimates of river dolphins as an indicator of freshwater ecosystem degradation. The results of this study are in line with previous studies that also found the density of top predators decreases with increasing human stressors (Sandin et al., 2008; Baum and Worm, 2009 ).
In contrast, there is no correlation between freshwater ecosystem degradation and the dolphins' group sizes. Group sizes vary according to habitat type and seasonality, responding to changes in the aquatic productivity and availability of resources (McGuire and Winemiller, 1998; Gomez-Salazar et al., 2011) . Hence, group sizes may change mainly as a response to ecological factors, and for this reason group sizes may not to be good indicators of ecosystem degradation.
Using river dolphins as indicator species to develop monitoring programs and assessments of freshwater ecosystem degradation has multiple advantages, including the fact that (1) river dolphins are typically distributed in all habitat types of the Amazon and Orinoco river basins, with the exception of rapids and areas with very high ecosystem degradation (e.g., Napo River); (2) river dolphins are relatively easy to observe in an ecosystem where the majority of species occur under waters of high turbidity; (3) river dolphin surveys are relatively easy to conduct (see Gomez-Salazar et al., 2012) and require less sample processing compared with surveys of some other potential indicators such as invertebrates and algae; (4) river dolphins are long-lived and thus provide responses to long-term risks of ecosystem degradation; (5) potentially, river dolphins can act as sentinel species by providing early warnings about current or future increases in ecosystem degradation, such as bioaccumulation of heavy metals or other contaminants, as previously studied in other aquatic mammals (e.g., Wells et al., 2004; Bossart, 2011) ; and finally (6) river dolphins are a charismatic species, thus, can be used as flagship species to raise public awareness about conservation and management issues (Sergio et al., 2008) . However, abundance estimates of other taxonomic groups, such as aquatic birds or fishes, might complement, and add to the value of, dolphin-based assessments of ecosystem degradation (Karr, 1999; Piatt et al., 2007; Navarro-Llácer et al., 2010) . For example, the methodology and platforms used to conduct river dolphin surveys (Gomez-Salazar et al., 2012) could be used to survey other taxonomic groups such as aquatic birds and reptiles.
Current and future freshwater ecosystem degradation in the Amazon and Orinoco
Due to limitations on data availability, most of the score indexes used in this study are the result of presence and proximity of Table 4 Score index and risk trends of freshwater ecosystem degradation, and human population size across the nine areas surveyed (Fig. 1) . The direction of the arrows indicates whether the risk of degradation is expected to increase, decrease or remain the same (see Table 3 ). Overall score index is the sum of the means over the four main categories of human stressors (water quality, habitat modification, exploitation of species, cities and human settlements, Table 3 ).
(1) Particularly gold mining implies possible contamination by mercury residuals, (2) tributaries in Ecuador: Rivers Aguarico, Cuyabeno, Yasuni and Lagartococha, (3) River Amazon -named Marañon at the location surveyed, (4) human activities rather than the proximate stressors that result from these activities. For instance, when considering gold mining, mercury used for the separation of gold particles is discharged into rivers and soils where it threatens biodiversity (Pfeiffer et al., 1993) . However, there are no reliable statistics in our study areas on mercury release, so we use the presence and proximity of gold mining as part of the score index. Despite these limitations, the degradation index was correlated with human population size, which suggests the scores are providing effective measures of degradation.
The majority of the human stressors considered in this study are expected to increase due to growing human population numbers and to the growing interest in economically developing the Amazon and Orinoco basins (Laurance et al., 2005, Table 4 ). Areas with both high and low indices of freshwater degradation were within rivers that are planned to be dramatically altered by water development projects or oil exploration in the near future (Table 4) . For example, waterways are being planned in the Meta, Napo, Iténez and Mamoré rivers.
Areas with highest overall score index of freshwater degradation
The Napo, Orinoco and Meta Rivers were identified as rivers with the highest degradation. This is the result of intense oil exploration and development in these areas, which in turn has caused multiple crude spills, increased road construction to facilitate accessibility in the area, increased ship traffic to transport people and machinery, increasing forest colonization, land speculation, commercial hunting and thus large socio-economic changes in the regions (Laurance et al., 2005; Portocarrero-Aya et al., 2010; Trujillo et al., 2010; Utreras et al., 2010) . Industrial farming, deforestation, expansion of cattle ranching, the use of pesticides and chemical fertilizers, as well as fishing with chemicals and explosives have also been documented. There is growing interest in expanding industrial farming and oil exploration, and waterways are being planned . For instance, the commerce and navigability in the Napo is expected to increase as a result of the construction of the MantaManaus transportation corridor to connect the Pacific coast and the Brazilian central Amazon (Utreras et al., 2010; Utreras, 2011) . Table 5 Spearman's rank test correlation results between river dolphin (Inia and Sotalia) abundance estimates (sighting rates and density, Gomez-Salazar et al., 2012) and score indices of freshwater ecosystem degradation (overall score index of degradation, water quality degradation, species exploitation and human population size, Table 4 (Fig. 1) . Box plot includes median, lower and upper quartile, sample minimum and sample maximum.
Areas with lowest overall score index of freshwater degradation
Samiria, Iténez and Mamoré Rivers were identified as rivers with lowest degradation. In fact, these areas have relatively low human stressors when compared with the other areas surveyed (McGuire and Aliaga-Rossel, 2010; Tavera et al., 2010; Gomez-Salazar et al., 2012) . The Samiria River is located within the Pacaya-Samiria National Reserve, which is a well-managed freshwater protected area. However, waterways to improve navigability are planned in the Itenéz, Mamoré, and Madeira Rivers, and a hydroelectric dam is planned in the Madeira River (Tavera et al., 2010) .
Additional human stressors
There are major human stressors that were not considered in our risk score assessment and that might have an impact on river dolphin populations, such as land-use changes, climate change, chemical pollution and aquatic noise. Major land-use changes, for instance, have a direct effect on the aquatic ecosystems by, for example, altering the flooding pattern and causing erosion and sedimentation (Laurance, 1998) . Climate change will alter the biosphere on a larger scale and is expected to accelerate but its consequences in the Amazon and Orinoco have not been extensively investigated (Alcamo et al., 2005; Laurance et al., 2005) . In addition, aquatic noise has been documented to affect large parts of marine ecosystems, including marine mammals, fishes and invertebrates (Weilgart, 2007) and its effects on freshwater ecosystems are unknown.
Finally, the capture of dolphins for use as bait is one of the most serious human stressors that might increase in the near future. For instance, in the central Brazilian Amazon, approximately 600 pink river dolphins are killed each year for bait (Loch et al., 2009) , and if this activity spreads from Brazil to our study areas, the population sizes and densities of dolphins will likely decline within a few years (Gomez-Salazar et al., 2012) .
Recommendations
Indices of human stress are currently the best way to provide an estimate of ecosystem degradation in large tropical rivers and adding information on population trends of indicator species, such as river dolphins, broadens the picture.
The value of river dolphins as indicators should be tested further at a river basin scale. To do this, we recommend directing research to areas where previous surveys already exist to facilitate the development of monitoring programs. Research should also focus on additional key locations in the Amazon and Orinoco. To make comparisons between areas as valid as possible, future effort in these key locations should carefully select the time of the year to conduct surveys and the size of the areas surveyed. Priority of additional key locations should be based on the following criteria:
Potential hot spots and areas of concern
By using the ecosystem degradation index developed in this study, areas with low risk of ecosystem degradation (potential hot spots) and areas of high risk of ecosystem degradation (areas of concern) can be identified. Subsequently, surveys could be conducted in these selected areas to continue evaluating the role of dolphins as indicators, and fundamentally to continue monitoring key areas of the Amazon and Orinoco.
Representative sub-basins
This study used information from less that 1% of the entire Amazon and Orinoco river basins, and only included information on river dolphin populations that inhabit 3 out of the 14 sub-basins described for the Amazon (Gomez-Salazar et al., 2012; UNEP, 2004) . Further studies should prioritize key areas located in sub-basins that have not yet been studied to obtain a more representative picture of the conservation status of these freshwater ecosystems.
Upcoming water development projects
Surveys in areas where water development projects are proposed, or are at early stages of construction, are particularly important because of the future changes that those drainage areas will face due to the construction of dams and water ways. Dams, for instance, are built for flood control, irrigation and hydroelectric power, but the final outcome often does not meet the expected economic benefits and instead generates major environmental, social, and health impacts (WCD, 2000) . In terms of biodiversity and ecological processes, the construction of dams can fragment populations, reduce river flow, affect river pulses, change the water quality, and ultimately contribute to the extinction of many species (WCD, 2000) , including perhaps river dolphins. Hence, further studies should survey areas of the Amazon and Orinoco basin river basins before and after the construction of water development projects to investigate their effects on top predators and on the river system itself. Such studies will ultimately raise awareness about the potential impacts of additional dams in these regions.
